Quantifying the tropical forests' carbon stocks is presently an important component in the implementation of the emerging carbon credit market mechanisms. This calls for appropriate allometric equations predicting biomass which currently are scarce. In this study, we aimed to estimate above-and below-ground biomass and carbon stocks of trees, and to identify the variation in diameter-height allometry of Ipendja mixed terra firme lowland tropical forest's trees. The study area is located at Ipendja forest management unit (UFA), close to Dongou district (Likouala Department), in Northern Republic of Congo. This study combined forest inventory data of 1340 trees recorded from eight studied plots distributed in two sites, respectively Mokelimwaekili (i.e., Old-growth forest) and Sombo (i.e., Selective logging forest). Trees measurements were done with rectangular plots, each 25 × 200 m (i.e., 0.5 ha, 5000 m 2 ). In eight studied plots (4 plots per site), only trees with DBH ≥ 10 cm were measured and identified. 1340 trees founded were belonged 145 species and 36 botanical families (n = 733 and n = 607, for Sombo and Mokelimwaekili respectively). The analyses were conducted using allometric method for aboveground biomass (AGB) and belowground biomass (BGB) estimations. The results showed that in Ipendja forest ecosystem the mean biomass is built up for AGB (346 Mg·ha ). By this study, Ipendja forest ecosystem has clearly variations on the diameter-height relationship and biomass across the plots and the sites.
Introduction
The importance of forests in carbon (C) cycling has gained increasing attention in recent years. With the current interest in greenhouse gas emissions and their impact on global climate change, accurate, precise, and verifiable estimation of carbon stocks in forests have become insistently required [1] . Accurate estimation of tropical tree biomass is essential to determine geographic patterns in carbon stocks, the magnitudes of fluxes due to land-use change, and to quantify avoided carbon emissions via mechanisms such as (REDD+) Reducing emissions from deforestation, forest degradation, and forest conservation, sustainable management of forest, and enhancement of forest carbon stocks [2] - [12] . While there has been much debate and exploration of the analytical methods for calculating biomass, the methods used to determine rates of wood production have not been evaluated to the same degree [13] [14] [15] [16] . This affects assessment of ecosystem fluxes and may have wider implications if inventory data are used to parameterize biosphere models, or scaled to large areas in carbon sequestration assessment [17] . Tropical forests are highly diverse ecosystems that play a key role in the global carbon cycle [1] [8] [18] [19] [20] [21] . A considerable amount of data on aboveground biomass (AGB) stored in alive trees in lowland tropical forests, and the factors affecting it, have become available in the past few years [1] [22] [23] . [3] proposed a scheme where different allometric models should be used depending on vegetation type and on the availability of total tree height information. As a compromise between environmental variation and data availability at the time, [3] proposed a classification of tropical forests into three forest types, dry, moist, and wet, following the hold ridge life zone system [8] [18] . To estimate live tree biomass, diameters of all trees are measured and converted to biomass and carbon estimates (carbon = 50% of biomass) generally using allometric biomass regression equations [2] [3] [10] [24] [25] [26] . Global trees carbon estimations in tropical forests varies between 40% and 50% of the total biomass in terrestrial vegetation, indicating considerable uncertainty [8] [10] [26] [27] . Such uncertainty is the consequence of linking individual tree measurements to largescale patterns of carbon distribution, as well as the definition as to what constitutes "forest".
Aboveground biomass (AGB) of forests can be estimated from ground-based inventory plots, where allometric equations are used to estimate AGB from measured tree diameters [18] . Tree height is an important component of this allometric relationship, as tree biomass is partially a function of tree volume, which is, in turn, a function of tree height [20] , trunk basal area and trunk taper [28] . Incorporating a height parameter is known to markedly improve estima- [8] , and this has a substantial effect at larger scales too.
One of the approach used to develop biomass models involved destructive sampling of trees [26] . This approach does not seem appropriate in the current context of using forests to mitigate climate change, as it releases an important amount of carbon to the atmosphere [29] [30] . Also, it does not protect threatened species in forest ecosystems. Furthermore, biomass models are to be consistent with allometric scaling laws which suggest that the size influences nearly all of the structural, functional and ecological characteristics of organisms and that the tree characteristics, including diameter and height, would be good predictors of tree volume and biomass [30] [31] . Allometric equations are statistical models that predict the biomass of a tree from other dendrometrical characteristics (i.e. diameter, height, wood density) that are easier to measure and non-destructive [12] . Several authors have highlighted that current knowledge on allometric models in tropical rainforests needs improvement to get precise and accurate estimates of carbon stocks [2] [11] [23] [32] .
Accurate estimation of forest ecosystem biomass needs reliable regression equations which can convert tree variables measured directly in the field, such as diameter and height, to aboveground biomass estimation. Up to 2010, only a few studies had been developed specifically to estimate with the contribution of African tropical forests biomass [32] [33] . These studies were either less precise or developed with very few trees sampled destructively which limited the use of these allometric relations to a wider range of ecosystems. Therefore, general allometric equations also known as pantropical allometric models [3] [28] have been widely used in Africa to assess biomass and carbon stocks [1] , leading to the question about the reliability of estimates using these equations [11] [32].
The lack of models calibrated using data from Africa has recently been addressed by a range of studies on site-specific allometric equations [4] [5] [11] [29] [32] [34]. In [18] , it was suggested that significant effect of forest type in [28] was due to the fact that Dry and Wet forests were represented by few sites and few trees in comparison to the moist type.
Above-and below-ground biomasses are important components of terrestrial ecosystem carbon stocks. Patterns of aboveground biomass distribution in terrestrial ecosystems are reasonably well understood, whereas knowledge of belowground biomass and its distribution is still quite limited [35] . This disparity in knowledge is essentially because of methodological difficulties associated with observing and measuring root biomass [3] [35] . Knowledge of root biomass dynamics is fundamental to improving our understanding of carbon allocation and storage in terrestrial ecosystems [24] [35] . However, the distribution of the dataset in all the strata of tropical moist forests in Africa is also questionable [36] and these allometric equations could be used in the absence of locally developed allometric equations or in association [37] .
The present study about the carbon stocks of forest biomass in the northern 
Materials and Methods

Study Sites
The sites were located in northern Republic of Congo, in Likouala Department, close to Impfondo city and Dongou district [36] . The study was conducted in the Ipendja (2˚32'N, 17˚20'E, Figure 1 
Climate
The Republic of Congo's climate is characterized by heavy precipitation and high temperature and humidity. The equator crosses the country just in north part, precisely at Makoua city in the Cuvette centrale Department. In the north a dry season extends from November through March and rainy season from April through October, whereas in the south the reverse is true [38] . On both side of the Equator, however, local climate exist with two dry and two wet seasons. Annual precipitation is abundant throughout the country, but seasonal and regional variations are important. Precipitation averages more than 48 inches (1200 mm)
annually but often surpasses 80 inches (2000 mm) ( Figure 2 ). Temperatures are relatively stable, with little variation between seasons. More variation occurs between day and night, when the difference between the highs and lows averages about 27˚F (15˚C). Over most of the country, annual average temperature range between the high 60 s and low 80 s F (low and high 20 s·˚C), although in the south, the cooling effect of the Benguela current may produce temperatures as low as mid-50 s F (low 10 s·˚C). The average daily humidity is about 80 percent.
However, the meteorological station that cover Ipendja is around Impfondo city, located about 60 kilometers of the southeast massif to be developed, shows that the dry season tends to move to the northeast [38] . The Ipendja forest management unit therefore undergoes an equatorial climate without a real dry season, with minimum rainfall in December, January and February (<90 mm) and maximum rainfall from August to November (>150 mm), for an annual total of around 1600 mm ( Figure 2 ). With amplitude ranging from 20˚C to 30˚C, the average annual temperature is around 25˚C (Figure 2 ).
Forest Inventory Data
Data collection was conducted using eight rectangular plots (Table 1) , each 0.5 ha (i.e., 200 × 25 m). A double decameter has been used to measure the DBH (diameter at breast height) for each tree (only trees with DBH ≥ 10 cm were measured) in all eight plots of study area. We excluded trees with DBH < 10 cm [6] because such trees hold a small fraction of aboveground biomass in forest woodland, and would otherwise dominate the signal in regression models [18] [29] [37] . Wood specific gravity for each tree has been provided by Global Wood Density Database from DRYAD (Retrieved January 13, 2016 at https://doi.org/10.5061/dryad.234). In this study, the live biomass was aboveground biomass (AGB) and belowground biomass (BGB). Belowground biomass (BGB) was estimated from aboveground biomass [3] [24] [35] . The data to estimate aboveground biomass (AGB) of trees have been collected using the following parameters: diameter at breast height DBH (cm), wood specific gravity ρ (g cm −3
) and total tree height (m). Ipendja forest management unit (UFA) is a moist tropical evergreen lowland terra firme forest with a status of old-growth (Mokelimwaekili) and selective logging (Sombo) forests. The stems less than 10 cm would normally be measured in fairly young forest [1] [3] .
We used a laser Hypsometer (Brand Nikon vision Co., Ltd., Forestry Pro No WJ072214) to measure the teller trees with a DBH ≥ 10 cm each in the study R. Ekoungoulou et al. 
Data Analysis
Trees Processing Overview
Once a fieldwork campaign is finished, the data has been digitized in spreadsheets according to standard procedures outlined in the data organization section [37] . The general checklist of species composing the flora procession has been established after digital processing of eight sample plots, on the basis of The variation of biomass stock within and between vegetation types was analyzed and correlated with parameters including tree density, basal area and stem height. Density refers to the average number of trees per plot and basal area is the sum of the cross-sectional area at 1.3 m above the ground level of all trees in a plot [37] . In order to perform this analysis, all data (diameter at breast height, stem density and tree height) were distributed in eight studied rectangular plots of Ipendja terra firme tropical forest ecosystem.
To estimate biomass and carbon stock in Ipendja forest, allometric methods from [18] and from [35] have been used by biomass calculation. The reason for choosing the allometry method is according to the recommendation of REDD+ initiatives, also to contribute in the global climate change mitigation as men- [9] . The methodology used was the nondestructive technic and the calculations were done by the allometric equation from [8] (1) to calculate the aboveground biomass (AGB). The model from [35] has been used to calculate the belowground biomass (BGB).
• Total aboveground biomass (AGB) of each tree in the plots has been estimated using the following allometric model from [18] : ).
Aboveground biomass (AGB) of trees for each permanent rectangular sample plot was calculated from a combination of variables [8] . Wood density (ρ) was extracted from a global wood density database (http://datadryad.org/handle/10255/dryad.235: Retrieved January 13, 2016; [39] [40]). Wood density (ρ) is an important predictive variable in all regressions model to estimate trees biomass [6] . The pantropical allometric model proposed by [18] has been fitted to log-transformed data using ordinary least-squares regression:
With AGB (in Mg·ha • Next, to estimate belowground biomass (BGB), we used equation from [35] .
The equation developed by [35] for moist tropical forest (i.e., the model can be founded in Table 2 of [35] ) is as follows:
where Y is belowground biomass (BGB, Mg·ha
) and AGB is aboveground bio-
).
Therefore, Models developed by [18] [35] are now the standard models for measuring carbon stocks in tropical forests [23] . To estimate carbon stock, the biomass (above-and below-ground biomass) were devised by two to obtain the carbon for each plot [2] . Moreover, a carbon stock is typically derived from live or coarse woody debris (CWD) biomass by assuming that 50% of the biomass is 
Diameter-Height Allometry
The choice of a model is a crucial step because the largest source of error in estimating biomass is associated with it [6] . Site-specific models are preferred to international standard model [18] because allometric relationships differ from one region to another depending on environmental factors (such as soil and climate) and functional traits of species (such as wood density and crown architecture) (Figure 3 ). However, there are no allometric equations available for Ipendja evergreen lowland forest. Thus, based on the climatic conditions of the study sites (Mokelimwaekili and Sombo) and [18] findings, aboveground biomass (AGB) was calculated following [18] , using the formula for all pantropical forests and taking tree height into account (1) 
Harvest Dataset Compilation
In this research, we compiled tree harvest studies that had been carried out in old-growth and selective logging forests, respectively in Mokelimwaekili and Sombo (excluding plantations and agroforestry systems). The rational for this choice is that the natural variability in plant allometry tends to be minimized in plantations. The fieldwork was conducted with help from by experienced botanists, ecologists and foresters who working in Thanry-Congo logging company. To be included in the compilation, the following measurements had to be available for each tree: trunk diameter D (in cm), total tree height H (in m), wood specific gravity ρ (g·cm −3 ) and total oven-dry AGB (Mg·ha −1 ). We excluded trees with DBH < 10 cm because such trees hold a small fraction of aboveground biomass (AGB) in forests and woodlands [18] , and would otherwise dominate the signal in regression models (2) . The common practice for measuring diameter at breast height is to measure trunk diameter at 1.3 m aboveground (diameter at breast height DBH). Buttressed or irregular-shaped trees are measured above buttresses or trunk deformities.
For comparison, we tried to used [8] 's model on our data. So, based on the moist forest biomass model form proposed by [28] , [8] developed biomass model (5), as described below, to estimate aboveground biomass (B) based on just the measured diameter (D, in cm) and estimated wood density (ρ, in g·cm −3 ) using the model form (i.e., excluding tree height):
exp ln
Alternatively, using the H:D database developed by [41] , he inferred H using a range of H:D allometric models, and then used that inferred value in bootstrapped biomass model (6) based on the form proposed by [28] 
According to [8] , aboveground biomass (AGB) for this case has been calculated using the [28] moist biomass equation, wood density (g·cm The model presented by [28] with two parameters such as wood density (ρ) and diameter at breast height (DBH) for moist forests has been expressed by: 
where AGB is aboveground biomass (in kg), est is an estimation, D is a diameter at breast height (in cm), ln is the natural logarithm, and ρ is the wood density (in g·cm −3
). [28] developed another model including the predictor height (i.e., diameter at beast height, height of tree and wood density) for moist forests. So, the model is as follows:
AGB exp 2.977 ln 0.0509
where AGB is aboveground biomass (in kg), est is an estimation, D is a diameter ). Wood density is just wood specific gravity. These models already include the correction factor (7) and (8) . The symbol ≡ (8) means a mathematical identity (i.e., equiv.): both formulas (7) and (8) can be used in the biomass estimation procedure. The standard error in estimating aboveground biomass (AGB) is around 12% if height predictor is available and around 19% if height predictor is not available [28] .
To develop the H:D allometric relationships for inclusion in biomass models, height measurements has been used for individual trees made in eight plots in two study sites representing 1340 trees concurrent height (H) and trunk diameter (D) measurements. Nondestructive data has been used during our study.
Only permanent plots trees have been used for processing.
Nevertheless, stand basal area (G) for each census was calculated as:
where G is basal area (in m ), D i is diameter at breast height of individual i at 1.3 m above the ground (cm), π is 3.14 and n is the number of stems per plot.
Basal area is the area of a given section of land that is occupied by the cross-section of tree trunk and stem (9) at the base [37] [41] . Measurement taken at the DBH of tree above the ground (9) and include the complete of every tree, including the bark [33] .
However, the PAST program used includes standard statistical tests [42] . The data of this study were compiled with SigmaPlot v.10.0 and PAST v.3.05 statistical softwares. Study area's location map has been performed using the ArcGIS v.9.3 software.
Results
Plant Communities' Assessment
1340 trees were identified after analysis from the floristic inventory performed (Table 1) . These trees are grouped into 36 botanical families and 145 species in Ipendja forest. The most represented families with at least 6 percent were: Sapotaceae (10%), Euphorbiaceae (8%), Meliaceae (8%) and Sterculiaceae (6%) ( were the leading species regarding relative frequency in the study area. 
Phytogeographical Type Distribution
The Tropical Africa Area (EPFAT Area, country-based, south of Sahara, complementary to the following) species was the most recorded representative on phytogeographical level and corresponded with 75% and 72% of identified species respectively for Mokelimwaekili and Sombo sites (Table 2 and Figure 4 ).
On chorological level, the tropical Africa area (EPFAT Area, country-based, south of Sahara, complementary to the following) (72%) followed by West Africa area (5%), Madagascar (Malagasy Republic) (5%), South-East Asia area (5%)
and Latin America area (5%) were the most important phytogeographical types for Sombo (Figure 4(f) ). However, the tropical Africa area (EPFAT Area, country-based, south of Sahara, complementary to the following) (75%) followed by West Africa area (7%), Madagascar (Malagasy Republic) (5%) and South-East Asia area (5%) were the most important phytogeographical types for Mokelimwaekili ( Figure 3(f) ). Latin America area species had higher proportion of phytogeographical type in the Sombo forest (5%) than Mokelimwaekili forest (1%).
However, most phytogeographical types were founded from African plant data- 
Aboveground Biomass Estimation
Mean aboveground biomass (AGB) across eight measured plots ranged from 196.9 to 656.1 Mg·ha −1 (Table 1 and Figure 5 ) using reference model developed by [18] . The mean of AGB in total study area were ) for Sombo (a) using the reference model proposed by [18] (1) (Table   3 ). So by this result the model of [11] is not valid at Ipendja (Table 3 ). The biomass predictions of the most recent pantropical model [18] , including a measure of environmental stress in the set of predictors, tended to be higher in the Mokelimwaekili forest (AGB = 559.7 Mg·ha −1 ) but were much closer for the Sombo forest (AGB = 291.8 Mg·ha −1 ) to the values predicted by this most recent pantropical model but including site-specific height-diameter allometry. Figure 3 shows that in Mokelimwaekili site, AGB were higher compared with BGB. Figure 4 showed the relationship between aboveground biomass (AGB, in Mg·ha ) for Sombo using the reference model proposed by [18] . In Sombo also, AGB recorded were higher than BGB as asserted in Figure 4 . However, Figure 6 shows the relationship between AGB and BGB for eight plots of study area. AGB were important in among compared with BGB ( Figure 6 ) in Ipendja forest. It was obvious that AGB in Mokelimwaekili were higher than those of Sombo ( Figure 5(c) ).
Belowground Biomass Estimation
Mean belowground biomass (BGB) across eight repeat measured plots ranged from 46.2 to 154.1 Mg·ha −1 (Table 1) using the model presented by [35] . We founded a mean of BGB for total studied area of 81.3 Mg·ha −1 with a standard error of 12.5% and the standard deviation of 35.3%. One-way ANOVA for BGB applied in 8 studied plots shows that there is a significant difference between plots and sites (F = 19.34, df = 7.096, P = 0.003). Test for equal means shows that there is a significant difference between sites (F = 19.34, df = 1, P = 0.0006).
Levene's test for homogeneity of variance from means showed that there is a significant difference between plots and sites (P = 0.0058). Levene's test from medians showed that there is significantly different between plots and sites (P = 0.0224). Kruskal-Wallis test for equal medians showed that there is a significant difference between studied plots about BGB (P = 0.0007, H (chi 2 ): 11.29).
One-sample test within t-test showed that there is not significantly different for 
Carbon Stocks Distribution
Carbon stock was estimated from the total biomass (above-and below-ground ) and trees height (m) in Ipendja forest. Logarithm was applied to aboveground biomass (AGB) for showing highlightly trend between aboveground biomass among estimated and trees height in 8 plots of study area. biomass) of tree and was estimated to be about 50% of total tree biomass [2] [24] [26] . To estimate carbon stock, the biomass (above-and below-ground biomass) was devised by two to obtain the carbon stock for each plot [2] ) calculated using each allometric model proposed based on the average of our data for each study site; BGB is belowground biomass (Mg·ha 
Diameter-Height Allometry Variation
Stand-specific height-diameter regression model developed by [18] with three predictors including tree height, tree trunk diameter and wood density were applied to each forest site (Mokelimwaekili and Sombo forests). The use of both DBH and height significantly improved the accuracy of estimates [31] . All trees known to be broken damaged or leaning more than 10% was excluded from the analysis. Weibull, Chapman-Richards, logistic, power and two-and three-parameter exponential models were compared. The optimal model was selected based on the Akaike Information Criterion and the residual standard error, and was further used to determine tree heights for aboveground carbon stock estimation.
This growth within the crown may be related to the need to produce new leaves to compensate for leaves lost owing to the longevity of the lower crown. These Our database has been applied on the [28] ).
However, in Table 3 we compared a number of statistical models commonly used to estimate aboveground biomass and belowground biomass in the forestry literature. A large number of regression models have already been published, and we only selected a limited subset of these, based on their mathematical simplicity and their applied relevance. Typical estimation of aboveground biomass (AGB) in lowland rainforest values vary between 150 -700 Mg·ha −1 [37] using the calculation based on the models developed by [8] , and by [18] and as asserted by Afritron network (see http://www.afritron.org).
Discussion
Mean aboveground biomass (AGB) were 559. (Figure 1(a) ) ecosystem is located.
Although many authors have suggested both ln-normal and ln-ln models as the most accurate for explaining allometric relationships, it is worth noting that the use of the power model is supported by growth that assumes a constant scaling rate across ontogenies. Comparing five forms of allometric relationships between tree diameter at breast height and tree height, [41] found ln-ln models sufficient for normalizing the data and suitable to use. In a recent study, [14] R. canopy species. This result first means that the height at a given diameter varied among studied species, studied plots and studied site (Figure 3 (e) and Figure   4 (d)), probably as a result of species-specific architectural and physiological structures [6] or a consequence of competition as asserted in Figure 3 . It is also possible that the diameter-height relationship varies within the same species as a result of the influence of environmental conditions on growth rate (e.g. growing in a relatively closed canopy versus growing up through a canopy gap), as shown by [31] . From a biological viewpoint, this result means that tree height would be a determinant variable in biomass models, because species and individuals with the same trunk diameter but different height are expected to have different biomass allometry. Therefore, accurate measurement and prediction of tree height are important for improving the predictive abilities of biomass equations, as well as the estimation of stand biomass and carbon stock in forest ecosystems [14] [31].
For instance, the use of a common equation to predict the branch biomass and to further up-scale the biomass from branch to tree level implied that the tree biomass values were not exactly independent, and as such, the prediction error should be accounted for, especially by addressing the issue of error propagation from the branch to the tree level [31] . The study by [8] has recently expanded the frequently used pan-tropical [28] 
Conclusion
There were confidence intervals around the mean aboveground biomass estimation for all studied sites (Mokelimwaekili and Sombo, respectively old-growth and selective logging forests) due to variability in aboveground biomass among plots. Equations integrating diameter, height and wood density provided the best estimators for estimation of total biomass in the two forest types and this study therefore suggests for biomass and carbon estimation of trees to always combine these variables whenever it is possible. For height estimations, the use of density as additional independent variable to tree diameter improved the quality of estimations, and this study recommends combining these variables when using these equations or when developing new tree height equations for tropical mixed forests. The choice of appropriate allometric models is crucial for reducing uncertainties in natural forest biomass estimates. The non-destructive sampling approach used here was dictated by the protected status of the forests, and could serve as an example for other places where trees are protected or where the wood resource is scarce. Nevertheless, the application of this non-destructive method requires an up-scaling of the biomass from branch to tree level, which is tied with some uncertainties. Therefore, specific future studies need to be undertaken in Republic of Congo's forests by comparing non-destructive with some destructive preferably approaches targeting species that are not nationally protected.
Outcomes of this research would also help to measure the level of accuracy attained with the application of non-destructive sampling, and thereby contribute to improve the reliability of the biomass stocks in natural forests for carbon economic initiatives. Finally, the present study on biomass and carbon stocks of 
